Abstract: Vanadium-dependent haloperoxidases that catalyze the halogenation of organic substrates using hydrogen peroxide to oxidize halides are a rare class of enzymes which have an absolute requirement for vanadium. In this article, we describe studies using synthetic, small-molecule analogs of the vanadium(V) active site to functionally mimic the oxidation of bromide and thioethers. In addition, we describe computational studies using density functional theory that help describe the mechanism of catalysis.
INTRODUCTION
Vanadium-dependent haloperoxidases (VHPOs) are enzymes that catalyze the two-electron conversion of halide ions to the corresponding hypohalous acids using hydrogen peroxide as an oxidant [1] :
In the presence of a suitable substrate, halogenation of an organic molecule will take place; however, if an appropriate substrate is unavailable, the enzyme will catalyze the disproportionation of hydrogen peroxide at basic pH. Each enzyme is named based on its ability to oxidize halides. The enzyme from Curvularia inaequalis is capable of oxidizing chloride, bromide, and iodide and is thus a chloroperoxidase (VClPO). The enzymes from Ascophyllum nodosom and Corallina officianalis can only oxidize bromide and iodide, not chloride, and are thus bromoperoxidases (VBrPOs). The identity of "HOX" in eq. 1 is dependent upon both the pH of the reaction and the halide involved. Studies indicate that the VClPO oxidizes a chloride ion to HOCl [2] , whereas the products of bromide oxidation appear to be a thermodynamic distribution of Br 3 Of all the crystal structures, the A. nodosom structure was solved to the highest resolution, at 2.0 Å. The other structures are at resolutions which range up to 2.35 Å. In each structure, the four oxygen atoms of the vanadate group are organized into a trigonal bipyramid in which three of the oxygen atoms form the equatorial plane and one oxygen occupies an axial position. The other axial position is occupied by the nitrogen of a histidine (His496 in the C. inaequalis enzyme), which provides the one linkage to the vanadium from the enzyme. Because vanadate has an overall charge of -3, a large amount of charge to be situated in the core of a protein, it has been suggested that the metal cofactor is protonated to some extent in the native state. Additionally, the first shell of residues surrounding the vanadate contain the basic residues Lys353, His404, Arg360, and Arg490. These residues hydrogen-bond to the oxygens, presumably to compensate for the high negative charge of the vanadate and provide stability to the structure, which is essential owing to the lack of covalent interactions between the protein and the cofactor. Mutagenesis studies [15] in which each of these residues, plus His496, were replaced with alanine indicated that His496 and Lys353 are the two most important residues for activity. Replacement of Arg490 or Arg360 leads to a lesser, but still significant, reduction in activity. Additionally, mutation of His404, which is involved in a hydrogen bond with the axial oxygen moiety, or Asp292, which helps orients Arg490 through a strong salt bridge, eliminate almost all activity.
The four basic, hydrogen-bonding residues, in addition to Ser402 and Gly403, which also hydrogen-bond to the cofactor, Asp292 and His496, are all conserved in the two bromoperoxidase structures. In fact, the only large difference between the active site of the VClPO and that of the VBrPOs is the replacement of a phenylalanine in the second shell of the VClPO with a histidine in the VBrPO. It was hypothesized that this change in the active site was responsible for the difference in reactivity between the enzymes, but a recent study by Wever's group, in which the Phe397His mutation was made in the VClPO, resulted in only a partial loss of chloroperoxidase behavior [17] . Thus, there must be longerrange interactions that are responsible for the difference in activity between the forms.
In the peroxo-bound form of the enzyme, whose crystal structure has also been solved by the Wever group, two oxygen atoms from the native form have been replaced by the two oxygens of the peroxide molecule. The trigonal bipyramidal structure of the native enzyme is strongly distorted with one peroxide oxygen occupying the pseudoaxial position trans to His496 and the remaining peroxide oxygen and two vanadate oxygens in the equatorial plane.
Unfortunately, there is little available structural information on the reduced, inactive enzyme form. Both electron paramagnetic resonance (EPR) [9, 18] and EXAFS [19] have probed the V(IV) bromoperoxidase. The EPR studies have been particularly enlightening as one can make predictions for the active site using the "additivity relationship". In this technique, the ligands in the equatorial plane of an oxovanadium(IV) species can be determined by evaluating the magnitude of the A II (parallel nu- Fig. 1 Active site of the VHPO with residues numbering as in C. inaequalis structure [13] .
clear hyperfine component) in an X-band spectrum. Our group recently assessed the use of the additivity relationship for proteins containing histidine [20, 21] . We showed that the orientation of the imidazole influences the magnitude of the contribution of histidine to the value and predicted that there are two histidines bound to the V(IV) in the bromoperoxidase. Subsequent crystallographic analysis of the bromoperoxidase confirmed that this enzyme has an active site more enriched in histidine ligands. These studies may explain why the V(IV) enzyme is inactive and difficult to directly reconstitute.
In contrast to the enzyme crystal structures, all small-molecule model compounds for the VHPOs contain a six-coordinate V(V) atom in both the "native" and peroxo forms. Thus, while these functional model compounds have provided a great deal of information about the catalytic cycle, they tell us little about the structural features of the enzyme. Recently, computational models of the native enzyme and several catalytic intermediates have been used to examine the structural properties of the enzymes. This paper will describe the complementary roles of experimental and theoretical methods to furthering our understanding of these enzymes.
SYNTHETIC MODEL CHEMISTRY
Prior to the solving of the protein's crystal structure, several groups, including ours, synthesized and characterized functional models of the enzyme. These model compounds have been critical for establishing the mechanism of halide and sulfide oxidation by the VHPOs. This paper will focus on studies reported from our group that have provided important insight on this problem.
The first oxoperovanadate species characterized by our group was in 1994 [22] when vanadate and hydrogen peroxide were mixed with N-(2-hydroxyethyl)iminodiacetic acid (H 3 heida) and a complex capable of brominating phenol red was achieved (Fig. 2) . The pentagonal bipyramidal complex contained a side-on bound peroxide in the equatorial plane along with two carboxylates and one imine of the ligand. The axial positions were occupied by an oxo moiety and the alcohol arm of the ligand. UV/vis spectroscopy showed that the oxidation of tetra-n-butylammonium bromide to Br + with subsequent addition to phenol red, required one equivalent each of hydrogen peroxide and protons (in the form of perchloric acid). In the absence of the phenol red substrate, the complex was found to generate dioxygen upon addition of a second equivalent of hydrogen peroxide and base.
In 1996, a series of oxoperoxo species similar to the one described above, was published [23] . Four ligands (Fig. 3) , in addition to H 3 heida were used in this study: nitrilotriacetic acid (H 3 nta), N-(2-amidomethyl)iminodiacetic acid (H 2 ada), N,N-[bis (2-pyridylmethyl] -glycine (Hbpg), and N,N,N-tris(2-pyridylmethyl)amine) (tpa). Three new crystal structures were achieved with this ligand set. Upon addition of peroxide and vanadate to H 2 ada and Hbpg, crystals suitable for single-crystal X-ray analysis were obtained. The subsequent crystal structures were similar to the previous structures published for the heida and nta complexes. They contained side-on bound peroxide in the equatorial plane of the pentagonal bipyramidal complexes. In all cases, the central imine of each ligand was coordinated trans to the peroxide and the axial ligand (trans to the oxo moiety) was only weakly coordinated.
Although no crystal structure was obtained for the tpa complex, its reactivity in the presence of acid and halide was investigated along with that of the other complexes. The investigations were carried out in acetonitrile using phenol red as the substrate as before. The reactions were monitored using UV/vis spectroscopy to follow the production of bromphenol blue, the tetrabrominated derivative of phenol red.
The reactivity of these molecules with protons and bromide were explored next. In the absence of bromide, the addition of a proton (in the form of perchloric acid) to these complexes resulted in a subtle, but measurable change in the UV/vis spectra that was interpreted as a protonation of V(V) oxo, peroxo complex. Addition of bromide led to rapid halide oxidation. In contrast, addition of bromide (in the form of tetraethylammonium bromide) to the peroxo complex in the absence of protons resulted in no spectral change, and halide oxidation was not observed. These data were consistent with the initial protonation of the coordinated peroxide to generate the hydroperoxo species, which then would be competent to oxidize bromide. Such a process is in keeping with the ordered kinetic mechanism which requires peroxide to bind before bromide and which shows an essential proton for optimal catalysis. In order to drive the halide oxidation reaction to completion, two equivalents of proton were requiredone to protonate the vanadate complex and one to neutralize the hydroxide product. In the presence of substrate, which releases a proton upon bromination, only one additional proton was required for total reaction. The proton dependence of the reaction was found to be pseudo-first-order.
To determine the role of the vanadate in catalysis, the VO(O 2 )bpg complex was used owing to its solubility in acetonitrile, which is greater than the other complexes used in the study. The role of bromide was studied with all five complexes. The study showed that the reaction was first-order in vanadate as well as in bromide. Further initial rate studies were carried out, and a kinetic model for the reaction was proposed (see Fig. 4 ).
Although the ligands coordinated to the vanadium in this study are not exactly those found in the enzyme, they are sufficiently similar to allow examination of each step of the catalytic cycle individually, something that is not possible in the protein. In the absence of vanadate complex, peroxide will facilitate the oxidation of bromide, but at a rate which is order of magnitude slower than in the presence of vanadate. Once the peroxide is bound, addition of bromide prior to protonation of the complex leads neither to a change in the UV/vis spectrum of the vanadate complex nor to catalysis, indicating that it is the protonated peroxy species which is catalytically active and binding of bromide to the noncatalytically active species is unlikely.
An analysis of the pK a s of chloride, bromide, and coordinated hydroperoxide provide important insight for the mechanism. In acetonitrile, HBr is more acidic than HCl. Under catalytic turnover conditions, the solution pH is defined by the basicity of the coordinated peroxide and the substrate (either chloride or bromide). The measured pK a for coordinated hydroperoxide is intermediate between that of Fig. 3 Ligands used in 1996 study [23] .
HCl and HBr. Therefore, under conditions where the coordinated peroxide can be protonated, the bromide ion will remain unprotonated and susceptible to oxidation. In contrast, the coordinated peroxide is less basic than chloride ion, hence, the hydroperoxide complex can only be prepared after all free chloride has been protonated, which deactiviates the substrate. Hence, these catalysts are only efficient at oxidizing bromide or iodide, but not chloride.
In 1998, the vanadate complexes bpg and ada in the absence of peroxide were synthesized and characterized. A third complex with the ligand N-(2-pyridylmethyl)-iminodiacetic acid (H 2 pmida) was also characterized [24] . These studies were aimed at determining the kinetics of the first step of the reaction, peroxide binding. This was the one step of the catalytic cycle not examined in the previous study. The reaction was found to be first-order in vanadate at all proton concentration, but first-order in peroxide only in the presence of excess protons.
The proton dependence was found to be very complicated and dependent upon the ratio of protons to vanadate present in solution. While there is a first-order dependence on protons at substoichiometric proton concentrations, in the presence of excess protons, the reaction is insensitive to changes in proton concentration. This is thought to be a result of the reactions being run in acetonitrile since the metal complexes are more basic in this solvent than water. Therefore, the complexes are completely protonated at a stoichiometric proton concentration and the addition of more protons to the solution does not accelerate the reaction. Additionally, the reaction will occur even in the absence of added proton since hydrogen peroxide can act as a proton donor followed by rapid complexation of the peroxide. These experiments indicate that there can be an additional step in the catalytic cycle presented above. That is, the protonation of the resting vanadate species prior to peroxide binding facilitates, but is not essential, to peroxide complexation. As commented upon below in the computational section, it appears that the VHPOs take advantage of this resting-state protonation in order to facilate peroxide binding.
In 2002, our group showed that vanadate complexes of the same ligands that facilitated bromide oxidation could also carry out sulfide oxidation [25] . In addition to being significant from a synthetic perspective, these reactions model the observed oxidation of thioethers to sulfones by VHPOs. One interesting feature of the observed reactivity is that these functional models are capable of rapid oxidation of thioanisole or other substrates to the sulfone, but not to the sulfoxide. This suggests that the thioether substrate undergoes a single oxidation event with the peroxovanadate catalyst. The interpretation of the kinetic mechanism suggests a remarkably similar series of events occur for sulfide oxidation as was observed for halide oxidation. Once again, the peroxovanadate must be protonated for the reaction to occur, and, as expected, protonation of the resting catalyst facilitates peroxide binding. Thus, one could simply substitute dimethyl sulfide or thioanisole for halide in the above reaction scheme and well represent the observed chemistry. The only difference between the two systems is that one equivalent of acid is consumed in each turnover cycle in halide oxidation, whereas sulfide oxidation is catalytic in protons. This is because halide oxidation has hydroxide as a byproduct and sulfide oxidation has a proton as a byproduct. In fact, excess acid concentrations lead to decomposition of the vanadate complex after turnover. We suspect that the sulfide attacks the hydroperoxovanadate species in a manner that is similar to halide oxidation. It should be noted that chloroperoxidases, unlike bromoperoxidase, have not been reported to catalyze sulfide oxidation.
Small-molecule modeling studies have allowed us to look at the individual steps in the catalytic cycle of the haloperoxidases in a level of detail that is not possible using the protein. From these studies, we have established that protons assist the binding of peroxide to the resting vanadate complex and are essential for the activation of the peroxide once bound to the vanadium. Unfortunately, small-molecule models cannot easily address the precise location of the protonated species necessary for both of these steps. Furthermore, our synthetic models cannot establish whether substrates such as halides or sulfides attack an oxo or hydroxo of the vanadate or whether they react directly with the coordinated peroxide. Because the vanadium oxidation state does not appear to change during the reaction, we have preferred attack at the peroxide; however, these studies do not address whether it is the protonated or unprotonated peroxo oxygen that is attacked and whether the electrophilic peroxo oxygen is in the equatorial or axial position of the vanadate. To address these fundamental questions, we must shift our focus to computational studies.
COMPUTATIONAL MODELING
While synthetic models have shed much light on the reactivity of the vanadate cofactor, they are by no means the only tool at our disposal. In the last decade, computational modeling has become a powerful tool in the field of inorganic chemistry. It not only complements more traditional approaches, but can also address questions that other experiments cannot.
Michael Bühl and coworkers have carried out an extensive series of density functional theory (DFT) calculations in which 51 V NMR chemical shift values were calculated [26] [27] [28] [29] . His results match very well with experiment and provide the community with another tool for the determination of structure and reactivity of V(V) complexes.
Valeria Conte and coworkers carried out the first computational studies of the catalytic cycle of the VClPO [30] . These calculations, done on very small vanadate models (fewer than ten atoms), provided some insight into the order and location of peroxide and bromide binding and reactivity. One study suggested that an oxo group trans to a nitrogen ligand was unstable and that there is an equilibrium between protonated and nonprotonated peroxide [31] . They showed that side-on binding of the peroxide was preferred over end-on binding in both solution and the gas phase [32] . Studies concerning the brominated intermediate indicated that a hypobromite-like intermediate, in which one peroxo oxygen is protonated and the other is brominated, is quite likely [33] . Because of the speed of the reaction, synthetic model compounds in which both peroxide and bromide are bound are impossible to isolate, but are quite accessible to computational models.
The studies mentioned above, while quite important, all contained vanadium models that were not representative of the vanadate coordination sphere in the enzyme crystal structure. That is, Bühl's studies all involved six-coordinate vanadium complexes, which were consistent with the synthetic model compounds he had studied, and Conte's models mainly had four-coordinate vanadium centers, incorporating only the minimum number of atoms required to model the chemistry of interest. Our goal was to model the actual active site of the enzyme and to characterize the various catalytic intermediates. Thus, we used the vanadate coordinates from the crystal structure of the VClPO as the starting point for our calculations.
Two significant drawbacks of the crystallography of VHPOs are poor resolution and the inability to identify proton positions. The resolution of all the crystal structures of the VClPO and VBrPO containing vanadate are over 2 Å. Since V-O bonds tend to be 1.9 Å or less, we cannot reliably use the crystal structure to determine the precise distances and geometry around the vanadium. Further, since the available models of the enzyme have not assigned the protons at the active site of the enzymes, we do not know the total charge of the vanadium center. Given these limitations, we undertook a computational study to characterize the exact ligand set of the vanadium and its interactions with the surrounding residues.
We started with the smallest possible model for the vanadate unit-a vanadium atom with three oxo moieties in one plane and an oxo and an ammonia moiety forming a perpendicular axis [34] . Minimization of this overall -3 charged system led to decomposition, indicating that this is not a stable protonation state. Adding one proton, either to an axial oxo (as proposed in the crystal structure) or to an equatorial oxygen, did not stabilize the complex. It was only upon adding a second proton that we achieved a stable conformation. Out of the four possible positions for the second proton, only the configuration in which there were one axial and one equatorial hydroxo groups and two oxos in the equatorial plane was stable. Adding hydrogen-bond donors and acceptors, in the form of ammonia and ammonium molecules, around the complex did not change this behavior. This indicates that the lowest possible charge on the vanadate is -1, not -2 as proposed in the crystal structure.
We then added a third proton to the five possible positions and minimized these structures alone and in the presence of one or two hydrogen-bond partners. We found two stable minima in the neutral case-one in which there are an axial water and one equatorial hydroxo group, and one in which there are an axial hydroxo and two equatorial hydroxo groups. These two configurations were close enough in energy to indicate that they are likely in equilibrium in the enzyme.
Upon addition of a fourth proton, it was found that if there were a neutral molecule, such as ammonia, in the vicinity of the neutral vanadate, the ammonia would be protonated preferentially over the vanadate. Since modeling and in vitro studies both indicate that the first step in the catalytic cycle is protonation of the cofactor, we concluded that the resting state of the vanadate is anionic and the state resulting from the initial protonation is neutral.
Further studies, based on the crystal structure of the peroxo form of the enzyme, have shed light on the reactivity of the cofactor. Starting with the coordinates of the crystal structure, a minimization of the cofactor with zero, one, or two protons have been carried out by Zampella et al [35] . The V-O bond lengths of the minimized structures indicate that the cofactor that has been singly protonated on one of the oxo groups is the most likely representative of the crystal structure.
Substrates, in the form of Br -and dimethyl sulfoxide (DMSO), were added to the models to investigate the site of substrate attack. Since the vanadium is only five-coordinate, there is an open binding site which could be filled by the substrate. Calculations indicate that this is not the case, which is in good agreement with EXAFS studies [19] . Potential energy barriers were calculated for the attack of each substrate on each of the peroxo oxygens in a variety of protonation states. It was found that protonating the peroxide lowers the barrier to reaction over no protonation of the cofactor or protonation of a nonperoxo oxygen, however, no stable minimum or transition state was found in the cases where the substrate attacked the protonated peroxo oxygen. We found that protonation of either peroxo oxygen leads to polarization of the peroxo bond, with protonation of the equatorial oxygen leading to greater charge separation. This indicates that the most likely configuration of the cofactor during catalysis is one where the equatorial peroxo oxygen, plus one other equatorial oxygen, is protonated, and the substrate attacks the unprotonated, pseudoaxial peroxo oxygen in a S N 2-like fashion as shown in Fig. 5 . Identical results were found for dimethyl sulfide oxidation to the corresponding sulfone.
Finally, the role of Lys353 was investigated by including a methyl-ammonium molecule in the vicinity of the equatorial peroxo oxygen, as is found in the crystal structure. This study showed that the barrier to reaction was lowered in the presence of the charged group which polarized the peroxo bond without direct protonation of the peroxide. In fact, in the case of DMSO, the peroxide is not protonated in the transition state. In the case of Br -, a proton is transferred from the lysine mimic to the peroxide in the transition state. This difference may be attributed the charge on the bromide in the latter case, however, further calculations including counterions showed the same behavior, indicating that this may not be just an artifact of charge separation.
The calculations including counterions indicate that the environment of the active site may be buffering the interaction between Lys353, vanadate, and substrate. To further investigate this, we have undertaken a hybrid quantum mechanics/molecular mechanics (QM/MM) study of the VClPO. Preliminary results [36] from this study indicate the resting state is indeed anionic and that there is a strong hydrogen bond (but no proton transfer) between Lys353 and the vanadate. Furthermore, the vanadate is protonated at one of two other sites.
CONCLUSIONS
It is time to evaluate globally the contributions of the synthetic and computational models of the VHPOs. Our synthetic modeling studies demonstrated that protonation of the coordinated oxo moieties of the vanadate cofactor assists the binding of peroxide. In addition, reactivity studies have shown that protonation of bound peroxide is essential for activation of the oxidant in this reaction. Our computational studies have confirmed both of these experimental observations and have provided greater insight into the mechanism. We now realize that the likely site for protonation of the resting state is at both the axial oxygen and one of the equatorial oxygen atoms. This doubly protonated state serves to stabilize the coordinated histidine, which would be unstable trans to a strong π-bonding oxo ligand, while facilitating the loss of an equatorial water upon peroxide complexation. In the catalytically active peroxide state, protonation seems to occur at an equatorial position. There is no evidence that halide binds to the vanadium during the catalytic cycle, and our calculations confirm this observation. Furthermore, we now know that it is the pseudoaxial, unprotonated oxygen of the bound peroxide that is the site of attack by either halides or substrates such as dimethyl sulfide. All of these observations can now be summarized in Fig. 6 . It is our belief that the vanadium haloperoxidases represent the ultimate example of how the integration of enzymatic, small-molecule and computational studies allow scientists to establish the mechanism of biochemical catalysis to full chemical resolution. Future studies will focus on understanding what factors differentiate chloro-versus bromoperoxidase activities in these fascinating systems.
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Modeling of the vanadium-dependent haloperoxidases 1603 Fig. 5 Attack of halide on the unprotonated, pseudoaxial peroxide oxygen atom [35] .
